Introduction {#Sec1}
============

Navigational abilities decline with aging^[@CR1]--[@CR3]^, but the underlying mechanisms are not fully understood^[@CR2]^. In the current study, we aimed to test for a mechanism that can contribute to the navigational deficits in old age. Specifically, we hypothesized that older adults are impaired in their ability to *update* long-term navigational memories. The ability to update long-term, navigational information is required in many everyday situations -- for example, when looking for a car in a frequently visited parking lot, one has to retrieve today's parking place over yesterday's location. Studies in rodents have shown that the ability to update long-term spatial representations is impaired in old age^[@CR4],[@CR5]^. Specifically, in the aging hippocampus, place cell firing patterns associated with a previously learned environment are often abnormally maintained in a novel environment^[@CR5]^, but corresponding evidence in humans is still missing.

Human aging is known to affect path integration, the ability to update one's location during self-motion^[@CR6]--[@CR9]^. In those studies, however, the updating process operated on transient working memory representations over periods of seconds. In contrast, in the current study, we explored the ability to update long-term navigational representations over a 24 hours period. Recent findings have demonstrated age-related deficits in the ability to update long-term, spatial representations on a small-scale, bi-dimensional layout^[@CR10]^. In that study, older adults showed particular difficulties in retrieving locations of objects -- presented on a computer screen -- that were relocated overnight. However, spatial processing of small, bi-dimensional layouts is not identical to navigation in real environments, because the latter also involves bodily movements of the observer, perception of 3D spatial information, etc.^[@CR11]^. Thus, it remains to be determined whether older adults are also impaired in updating long-term, *navigational* memories.

Navigational information can be encoded using egocentric and/or allocentric spatial cues. In egocentric encoding, a location is encoded relative to the observer, while in allocentric encoding a location is encoded relative to external elements such as landmarks or boundaries^[@CR12]--[@CR14]^. While medial temporal lobe structures such as the hippocampus are strongly implicated in allocentric encoding^[@CR15]--[@CR19]^, egocentric encoding is supported by extra-hippocampal structures as the medial parietal cortex^[@CR17],[@CR20]--[@CR22]^, and importantly, can occur independently of the hippocampus^[@CR23],[@CR24]^ (but see^[@CR14]^). Notably, egocentric vs. allocentric neural systems are differentially vulnerable to normal aging processes^[@CR25]--[@CR27]^ with the hippocampus being among the first cerebral structures to show structural and functional changes in age^[@CR27]^. Age-related neurodegeneration is also found in other brain areas that support navigation, as the prefrontal cortex^[@CR28]^, which involved in navigational abilities of both place learning and response learning^[@CR29],[@CR30]^. Accordingly, we aimed to determine whether the type of spatial encoding modulates the presumed age-related deficit in spatial updating.

Finally, it has been suggested that age-related inefficiency in memory updating occurs due to intrusions of former representations^[@CR31],[@CR32]^. Specifically, age-related deficits in spatial updating were associated with elevated representations of the former spatial context^[@CR5],[@CR10]^. Accordingly, we further asked whether the presumed age-related deficit in the ability to update navigational memories is associated with an elevated representation of the former navigational experience.

To address these questions, healthy younger and older participants learned the locations of objects in a fully immersive, three-dimensional virtual environment in two learning sessions, which took place on two consecutive days (Fig. [1A](#Fig1){ref-type="fig"}). Half of the objects were relocated overnight, and, eventually, participants had to indicate the latest locations of the relocated and the non-relocated (control) objects (Fig. [1B](#Fig1){ref-type="fig"}). The immersive virtual reality methodology allowed us to dissociate egocentric and allocentric spatial cues and to assess encoding and retrieval in each navigational strategy (Fig. [2](#Fig2){ref-type="fig"} and videos [1](#MOESM1){ref-type="media"}--[3](#MOESM3){ref-type="media"}). Specifically, in the egocentric group, participants could encode the location of the object only by the distances and directions relative to themselves, while, in the allocentric group, participants could encode the locations of the objects only by the directions and distances relative to environmental landmarks (Fig. [2](#Fig2){ref-type="fig"}). To assess whether the presumed spatial updating deficit in old age depends on a specific spatial cue or on age-related differences in the integration of egocentric and allocentric cues, we added a third condition in which both egocentric and allocentric cues were provided (i.e., the combined condition) (Fig. B). To assess the effect of the previous navigational context on spatial updating abilities, we measured the relative proximity of the behavioral responses to the original (pre-updated) locations. Finally, in experiment 2, we tested for age-related differences in overnight retention of navigational memories.Figure 1Experimental structure: (**A**) Timeline of the experiment. Every participant experienced three experimental sessions: encoding\#1, encoding\#2, and retrieval. Encoding\#2 took place 24 hours after encoding\#1 and retrieval took place two hours after the end of encoding\#2. (**B**) Relocated and Control objects. Ten objects were presented at encoding\#1, one at a time, each assigned to a specific location (top). At encoding\#2, the ten objects from encoding\#1 were presented in a different set of locations and thus served as the relocated objects (e.g., the plant) (**B**, middle, left). In addition, during encoding\#2, ten objects that did not appear on encoding\#1 were presented and served as the control (non-relocated) objects (e.g., the umbrella) (**B**, middle, right). During the retrieval session, participants were asked to walk to the *latest* location of each object (both for relocated and control objects) (**B**, middle, bottom).Figure 2The three spatial-cue conditions. Participants were assigned to either the egocentric, the allocentric, or the combined condition. The footsteps (not shown in the task) represent exemplary paths that participants walked in each condition, to encode the locations of two objects (a plant and an umbrella). Left: The *egocentric condition* contained no spatial landmarks, and the distance and direction to each object were encoded from a fixed viewpoint (the red semicircle). On every trial, participants started at the red semicircle, walked to the object, and made a perceptual judgment. The object then disappeared, and participants walked back to the red semicircle. Next, a new object was shown, and the procedure was repeated. See video [1](#MOESM1){ref-type="media"} for further details. Middle: In the *allocentric condition*, no fixed viewpoint was used as different viewpoints were used. On every trial, participants started at a temporary red circle, walked to the object, and made a perceptual judgment. The object then disappeared, and participants walked to another red circle (which appeared in a different location than before). However, participants could code the locations of the objects relative to environmental landmarks. Next, a new object was shown, and the procedure was repeated. See video [2](#MOESM2){ref-type="media"} for further details. Right: In the *combined condition* (right), the locations of the objects could be coded relative to the fixed viewpoint and relative to the spatial landmarks. See video [3](#MOESM3){ref-type="media"} for further details.

Results {#Sec2}
=======

Experiment 1 {#Sec3}
------------

The aims of experiment 1 were to test whether the ability to update long-term, navigational memories is impaired in older adults and to explore the effect of different spatial cues on spatial updating abilities. Towards this, distance errors were analyzed in a mixed model ANCOVA, with object-type (control vs. relocated objects) as the within-subject factor and age and spatial cues as between-subject factors (Fig. [3](#Fig3){ref-type="fig"}). To control for potential age-related differences in the speed of walking, we added mean encoding duration as a covariate.Figure 3Age and spatial cues influence spatial memory and spatial updating. Distance errors to the latest locations of relocated and non-relocated (control) objects, in the egocentric (left) allocentric (middle) and combined (right) conditions, are shown. Shorter distance errors indicate higher retrieval accuracies. The control objects represent spatial memory while the difference between distance errors of relocated and control objects represent the spatial updating deficit. The *ANCOVA* revealed an age-related deficit in spatial updating in the egocentric condition. Data are presented as mean ± SEM. \*p \< 0.05 in post-hoc tests.

The analysis revealed a main effect of age, with larger distance errors for older adults (F (1, 81) = 8.05, p = 0.006, ƞp^2^ = 0.09). There was also a main effect of spatial cues (F (1, 81) = 28.79, p \< 0.001, ƞp^2^ = 0.415). Post-hoc Bonferroni corrected multiple comparisons revealed that distance errors in the egocentric condition were larger than in the allocentric condition, and those in the allocentric condition were larger than in the combined condition (p \< 0.005 in all three comparisons). The superior retrieval accuracy in the combined condition suggests that participants successfully integrated egocentric and allocentric cues^[@CR33]^.

The analysis revealed no significant effect of object-type (F (1, 81) = 0.04, p = 0.85, ƞp^2^ \< 0.005), no significant object-type X spatial cues interaction (F (1, 81) = 1.36, p = 0.263, ƞp^2^ = 0.032), no object-type X age interaction (F (1, 81) = 1.26, p = 0.27, ƞp^2^ = 0.015) and no age X spatial cues interaction (F (1, 81) = 0.86, p = 0.43, ƞp^2^ = 0.021). However, we observed a significant object-type X age X spatial cues interaction (F (1, 81) = 9.05, p \< 0.005, ƞp^2^ = 0.183), (Fig. [3](#Fig3){ref-type="fig"}).

### Age and spatial cues modify navigational memory {#Sec4}

Following the object-type X age X spatial cues interaction, we first tested for the effects of age and spatial cues on navigational memory by analyzing distance errors for the control objects (Fig. [3](#Fig3){ref-type="fig"}). These objects were associated with a single set of locations during the second encoding session and thus did not require spatial updating (Fig. [1B](#Fig1){ref-type="fig"}). Post-hoc Bonferroni corrected pairwise comparisons indicated that in the egocentric and combined conditions, young and older participants showed comparable distance errors, indicating similar navigational memory (F (1, 81) \< 0.005, p = 0.99, ƞp^2^ \< 0.005 and F (1, 81) = 1.32, p = 0.252, respectively). On the other hand, in the allocentric condition, the young participants showed superior navigational memory, with shorter distance errors (F (1, 81) = 15.98, p \< 0.005), (Fig. [3](#Fig3){ref-type="fig"}, middle, control objects).

### Age and spatial cues modify spatial updating abilities {#Sec5}

The object-type X age X spatial cues interaction suggests that both age and the type of spatial cue influence spatial updating abilities. Post-hoc, Bonferroni corrected pairwise comparisons indicated that in the egocentric condition, while young participants revealed comparable distance errors for control and relocated objects (F (1, 81) \< 0.005, p = 0.995), older adults showed larger distance errors for the relocated objects (F (1, 81) = 6.34, p = 0.014), (Fig. [3](#Fig3){ref-type="fig"}, left). Unlike in the egocentric condition, in the allocentric condition, both age groups showed larger distance errors for the relocated objects (F (1, 81) = 11.45, p = 0.001 and F (1, 81) = 5.26, p = 0.024, respectively) (Fig. [3](#Fig3){ref-type="fig"}, middle). Similarly, in the combined condition, both groups showed larger distance errors for the relocated objects (F (1, 81) = 4.1, p = 0.046 and F (1, 81) = 4.43, p = 0.039, respectively) (Fig. [3](#Fig3){ref-type="fig"}, right). Together, these results demonstrate a selective deficit of older adults to update navigational memories in the egocentric condition.

### Older adults show stronger representations of the former navigational context {#Sec6}

In the previous section, we found that the spatial cues and age factors influence spatial updating abilities. To determine the source of the spatial updating deficit, we asked whether the former navigational context affects spatial representations of the novel navigational experience. Towards this, we measured the effect of the memory for the original locations on retrieval of the updated ones, which can be quantified by the relative proximity ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$rProxOrig\,=\frac{1\,/\,dOrig}{1\,/\,dUpd+1\,/\,dOrig}=$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{dUpd}{dUpd+dOrig}$$\end{document}$ See methods). A two-way ANCOVA with age and spatial cues as between-subjects factors revealed a main effect of age, with higher relative proximities to the original locations among older adults (F (1, 88) = 16.26, p \< 0.005, ƞp^2^ = 0.17). This effect indicates a greater influence of the memories for the original locations on retrieval of the updated ones, among older adults (Fig. [4A](#Fig4){ref-type="fig"}). There was also a main effect of spatial cues (F (2, 87) = 11.51, p \< 0.005, ƞp^2^ = 0.22). Post hoc, Bonferroni corrected multiple comparisons revealed that the relative proximity to the original locations in the egocentric condition was higher than in the other two conditions (allocentric: p \< 0.01; combined: p \< 0.001), (Fig. [4A](#Fig4){ref-type="fig"}), which depicted comparable relative proximities (p = 0.324). The analysis revealed no age X spatial cue interaction (F (2, 87) = 1.23, p = 0.30, ƞp^2^ = 0.03).Figure 4Older participants show stronger representations of the former navigational context, which are correlated with the spatial updating deficits. (**A**) Effects of the original locations on the retrieval of the updated ones. Higher bars indicate a greater effect of the original loci on the retrieval of the updated ones. Across conditions, this effect was found to be stronger in old age. (**B**) Spatial updating deficit is associated with stronger representations of the original navigational context. In the egocentric and the allocentric conditions, the effect of the original loci on retrieval of the updated ones was positively correlated with the spatial updating deficit. Data are presented as mean ± SEM.

### Memory representations of the former navigational experience are associated with spatial updating deficits {#Sec7}

Next, we correlated the relative proximities to the original locations with the spatial updating deficits, defined as the ratio between the mean distance error to the *relocated* objects and the mean distance error to the *control* objects (d~relocated~/d~control~) (Fig. [4B](#Fig4){ref-type="fig"}). A linear regression analysis which included all the participants of experiment 1 revealed a significant, positive correlation (r = 0.26, n = 88, p = 0.014). To test whether this correlation was modified by age, spatial cues, or by age X spatial cues interaction, we ran a moderator analysis. The moderator analysis revealed that the spatial cue interaction term significantly increased the variation explained by 7% (p = 0.003), while the age and the age X spatial cues interaction terms did not (age: −4.5%, p = 0.143; age X spatial cues: −5.8%, p = 0.341).

Following the significant moderation effect of the spatial cues on the overall correlation, we ran additional regression analyses separately for each spatial cues condition. To minimize the effect of outlier responses, we applied robust correlation analyses. The analyses revealed positive correlations between the spatial updating deficit and the relative proximity to the original locations, in both the egocentric and allocentric conditions (r = 0.437, n = 27, p = 0.023 and r = 0.49, n = 32, p = 0.004, respectively), suggesting that traces of spatial representations from the original navigational context can hinder the updating of navigational memories (Fig. [4B](#Fig4){ref-type="fig"}). No significant correlation was found in the combined condition (r = 0.216, n = 29, p = 0.261). However, no significant difference was found between the correlation coefficient of the combined condition and the correlation coefficients of the egocentric and allocentric conditions (z = −0.69, p = 0.245; z = −1.26, p = 0.104, respectively).

Experiment 2 {#Sec8}
------------

In experiment 1, we found age-related deficits in spatial updating following egocentric encoding. We further found that the deficits in spatial updating were associated with stronger spatial representations of the original navigational context, which could be explained either by superior overnight retention or by inefficient suppression of the original navigational memories. Although previous studies have indicated that overnight consolidation is impaired in old age^[@CR34],[@CR35]^, the aim of experiment 2 was to distinguish between both hypotheses by assessing overnight retention of egocentrically encoded spatial memories.

To address this question, young and older adults had to retrieve locations of the objects learned on the previous day (Fig. [5A](#Fig5){ref-type="fig"}). The ANCOVA revealed that older adults showed larger distance errors than the young (F (1, 19) = 10.98, p = 0.004, ƞp^2^ = 3.7), depicting lower retrieval accuracy (Fig. [5B](#Fig5){ref-type="fig"}) and thus, inferior overnight retention. Importantly, this finding is in line with the notion of reduced overnight consolidation in aging^[@CR34],[@CR35]^. Accordingly, we suggest that the stronger influence of the original navigational experience among the older adults in Experiment 1 cannot be explained by superior retention of the original navigational context but may rather stem from an inefficient suppression of the former spatial context.Figure 5Overnight retention of navigational memories after egocentric encoding. (**A**) The procedure of experiment 2. Retrieval accuracy was assessed 24 hours after encoding in the egocentric condition. (**B**) Older adults showed larger distance errors, indicating inferior overnight retention of navigational memories. Data are presented as mean ± SEM.

Discussion {#Sec9}
==========

The current study reveals age-related deficits in the ability to update navigational memories and thus proposes a mechanism for the navigational decline in human aging^[@CR2],[@CR36]^. We found that the deficit in updating navigational memories in older adults was selective to the egocentric navigational condition. Spatial learning and memory often show substantial inter-individual differences, and particularly in aging. However, in the egocentric condition, the young and the older adults revealed comparable retrieval performance of control objects. The similarity in spatial learning between the two age groups suggests that in the egocentric condition, the age-related differences in the ability to retrieve the updated navigational memories are selectively due to age-related alternations in spatial updating abilities. Notably, while previous studies of egocentric encoding have largely focused on categorical knowledge (i.e., route decisions)^[@CR25],[@CR37],[@CR38]^, the current study tested for quantitative, vectorial, egocentric knowledge. Additionally, the impaired ability to update navigational memories was associated with stronger spatial representations of the former navigational experience.

Both in the allocentric and the combined conditions, spatial memory in older adults, as measured by the control objects, was inferior to the spatial memory in the young. In contrast, older adults showed similar performance in the egocentric condition. This pattern of results is in line with previous findings which indicate that aging severely affects allocentric coding but leaves egocentric navigation relatively intact^[@CR8],[@CR26],[@CR37],[@CR39]--[@CR42]^. The innovation of the current study is that our experimental approach enabled us to directly measure fine-grained vectorial egocentric knowledge, whereas previous studies probed for categorical knowledge or stimulus-response associations (i.e., route decisions). Accordingly, we could compare metric measurements of navigational behavior between the different types of encoding strategies.

Another effect of spatial cues on spatial memory among the young participants was that retrieval of control objects in the egocentric condition was inferior to the retrieval of control objects in the allocentric condition. This effect is likely driven by the specifics of the environmental layout and the design of the current study, including the number of environmental elements used in the allocentric condition and the location of the fixed viewpoint in the egocentric condition. We thus predict that reducing the amount of the environmental elements and shifting the position of the fixed starting viewpoint would reverse the superior spatial memory following allocentric encoding in young participants.

In the current study, the age-related deficit in spatial updating was selective to the egocentric condition. This selectivity indicates that the encoding procedure may influence susceptibility to proactive interference among older adults. A similar effect of encoding procedure on the susceptibility to proactive interference in old age was found in semantic learning^[@CR43]^. In that study, age-related proactive interference in long-term, semantic associations was selective to a semantic acquisition process, which, like egocentric encoding, can trigger a hippocampal-independent learning mechanism^[@CR43],[@CR44]^ (but see^[@CR45],[@CR46]^). Together, these findings suggest that there may be specific neural processes which underlie the inefficient updating of long term memories in older adults.

In line with previous findings^[@CR5],[@CR10]^, older participants depicted stronger memory traces of the former navigational context (i.e., the original locations). Furthermore, the deficits in the ability to update spatial memories were associated with elevated representations of the previous navigational experience. Elevated representations of the former navigational context in old age can be explained either by inefficient suppression or by superior memory of the former navigational experience. Importantly, the retrieval accuracies of control objects in the egocentric condition (Fig. [3](#Fig3){ref-type="fig"}, left, control objects) indicate comparable encoding and short-term retention of the spatial information, between the young and the older adults. Furthermore, the results of experiment 2 suggest that overnight retention of the original spatial context is not superior among older adults. Together with former findings of age-related reduction in overnight (sleep-dependent) consolidation^[@CR34],[@CR35]^, our findings argue against the explanation that the elevated representations of the former navigational context in old age are due to superior memory for the previous navigational experience. Instead, we propose that the stronger influence of the former navigational experience in old age is related to inefficient suppression of memory traces from the former navigational context and those memory traces may underlie the increased proactive-interference in old age^[@CR4],[@CR31],[@CR32],[@CR47]^.

Several mechanisms have been implicated in the resolution of long-term, proactive interference and thus, in the ability to update long-term memories. One mechanism is modulation of cholinergic levels^[@CR48]--[@CR50]^ and particularly, the levels of cholinergic input from the basal forebrain to the hippocampus^[@CR51],[@CR52]^. Age-related reduction in hippocampal responsivity to acetylcholine^[@CR53],[@CR54]^ (for review, see^[@CR55]^) may underlie the spatial updating deficits in old age. Another mechanism is dopamine-mediated synaptic plasticity in the CA1 hippocampal subfield when novelty is detected^[@CR56]--[@CR58]^. Age-related reduction in the number of dopamine receptors in CA1^[@CR59],[@CR60]^ might contribute to impairments in synaptic plasticity and novelty detection, which are essential for efficient updating. Nevertheless, why were the spatial updating deficits in older adults selective to the egocentric condition? While it is conceivable that age-related changes in hippocampal processing might predominantly affect the resolution of proactive interference during egocentric encoding, this hypothesis awaits rigorous experimental testing.

Methods {#Sec10}
=======

Experiment 1 {#Sec11}
------------

### Participants {#Sec12}

48 young and 48 older participants were recruited for experiment 1. In the egocentric encoding condition, there were 16 young (mean age: 24.19 ± 0.72 years, eight women) and 16 old (mean age: 71.5 ± 1.0 years, eight women) participants. In the allocentric encoding condition, there were 16 young (mean age 24 ± 0.8, eight women) and 16 old (mean age: 71.3 ± 1.1, eight women) participants. In the combined encoding condition, there were 16 young (mean age: 23.94 ± 0.8, eight women) and 16 old (mean age: 71.8 ± 1.5, eight women) participants.

Participants were paid €6.50 per hour and gave written informed consent to the experimental protocol, which was approved by the ethics committee of the Otto-von-Guericke-University of Magdeburg, Germany. All methods were performed in accordance with the relevant guidelines and regulations. All participants performed the Montreal Cognitive Assessment (MoCA^[@CR61]^) to screen for mild cognitive impairment (lower than 23^[@CR62]^) and the divided-attention test of the test-battery of attentional performance (TAP^[@CR63]^) to screen for attentional deficits (more than 16% "missed" trials). Four young participants (two from the egocentric condition and two from the combined condition) and four older participants (three from the egocentric condition and one from the combined condition) were excluded from the experiment due to poor attentional performance.

### Stimuli and apparatus {#Sec13}

The experiment took place in the motion tracking laboratory of the DZNE Magdeburg. In all experimental phases, participants were "immersed" into a virtual reality (VR) scene, using a head-mounted display (HMD) (Fig. [1C](#Fig1){ref-type="fig"}). In order to navigate in the virtual environment, the location and orientation of the participants were continuously tracked using a high-resolution motion tracking system, which seamlessly updated the virtual environment as the user moved around. The stimuli of the experiment were two virtual environments designed using Vizard 5 (WorldViz) and 3ds Max (Autodesk) software, and twenty 3-dimensional, everyday virtual objects designed using 3ds Max. Each object appeared in a specific coordinate within the environment, forming an object-location association.

The virtual environments and the objects were presented in Vizard and displayed using the Oculus DK 2 HMD (refresh rate: 75 Hz), with a 100° nominal field of view and pixel resolution of 960 × 1080 per eye. The dimensions of the motion-tracking laboratory were 6 m x 10 m, while the motion detection area in which the participants navigated was 4.5 m × 7 m. The participant's position was tracked via the Vicon Tracker, and the participant's orientation was tracked via the internal sensor of the Oculus. The displayed image was updated accordingly. The slow angular drifting in the Oculus's internal sensors was manually reset every four trials. To ensure that participants relied on the reference frames of the virtual environments, they were disoriented with respect to the actual physical dimensions of the motion tracking-laboratory. Towards this goal, before each immersive VR session, participants donned the HMD and were then moved and rotated on a rotating chair. In addition, to mask auditory cues that could be used to maintain orientation, participants heard a water-stream sound via headphones.

### Experimental design and procedure {#Sec14}

The experiment comprised two between-subjects factors of 'age' (young, old) and 'spatial cues' (egocentric; allocentric; combined) and one within-subjects factor of 'object-type' (control, relocated). The experiment took place over two consecutive days and comprised three sessions: 'Encoding 1', 'Encoding 2' and 'Retrieval' (Fig. [1A](#Fig1){ref-type="fig"}). 'Encoding 1' took place on the first day. In this session, participants were presented with ten object-location associations, one at a time (Fig. [1B](#Fig1){ref-type="fig"}). The presentation of the ten object-location associations was repeated three times in different pseudorandom orders.

'Encoding 2' took place on the second day, during which 20 object-location associations were presented, one at a time (Fig. [1B](#Fig1){ref-type="fig"}). Ten of the twenty associations presented at 'Encoding 2' contained the objects that were shown during 'Encoding 1', but in a *different* set of locations than in 'Encoding 1'. These were the relocated objects (Fig. [1B](#Fig1){ref-type="fig"}). The other ten objects presented at 'Encoding 2' were novel and served as the control objects (Fig. [1B](#Fig1){ref-type="fig"}). There was no overlap between the 20 loci of 'Encoding 2' and the ten loci of 'Encoding 1'. The presentation of the 20 associations at 'Encoding 2' was repeated three times in different pseudorandom orders. The control and relocated object-location associations were counterbalanced between participants, to avoid a mnemonic bias toward specific objects and/or locations. The mean distance from the original (previous) to the updated (new) loci of the relocated objects was 3.18 ± 0.12 m (min = 2.26 m, max = 4.08 m), and was similar across the two counterbalanced sets of object-location associations (t (22) = 0.47, p = 0.64).

Since incidental encoding may enhance updating deficits in old age^[@CR10],[@CR43]^, the object-location associations were incidentally encoded. Towards this, participants were not informed that the task involves mnemonic skills; instead, they were told that the task assesses age-related differences in perceptual judgment over time and repetitions. Accordingly, in each encoding trial, participants were asked to walk directly towards the object and to report the number of its colors. Additionally, as participants should have not intentionally encode the locations of the objects, they had to be naïve regarding the purpose of the task. Therefore, the spatial cue factor was between, rather than within participants.

Retrieval took place on the 2^nd^ day, two hours after 'Encoding 2' (Fig. [1A](#Fig1){ref-type="fig"}). On each retrieval trial, participants were first presented with a picture of one of the 20 objects from 'Encoding 2', for five seconds (Fig. [1B](#Fig1){ref-type="fig"}, bottom). Then, participants had to walk to the location in the environment in which that object had appeared *last* (i.e., 2 hours earlier, at 'Encoding 2'). This location will be referred to as the updated location. In case participants did not remember the location, they were asked to guess. Retrieval accuracy of the control and the relocated objects was quantified as the mean Euclidean distance from the behavioral responses to the correct locations.

### Manipulation of spatial cues {#Sec15}

The virtual environment of the *egocentric condition* contained no elements except an "endless" concrete-like ground and a dark-grey background (Fig. [2](#Fig2){ref-type="fig"}, left). To ensure egocentric encoding, i.e., that locations were coded according to the distance and angle relative to the observer, all object-location associations were learned (and also retrieved) from the same location and orientation. Towards this, before each encoding and retrieval trial, the participant had to walk to a fixed viewpoint, marked by a red semicircle (Fig. [2](#Fig2){ref-type="fig"}, left), to stand behind its straight line and face its curved line. Once the participant had reached the specific location (within a 30 cm radius) and orientation (±15°), the red semicircle disappeared, and the to-be-encoded object appeared. Then, the participant had to walk directly to the object and to report the number of its colors. When the participant reached the object, it disappeared, and the red semicircle reappeared (in the same location and orientation, generating the same viewpoint), so the participant could return to it. Then again, as the participant was in the fixed viewpoint, the next to-be-encoded object appeared in its defined location (Fig. [2](#Fig2){ref-type="fig"}, left, bottom). Importantly, the same fixed viewpoint was used in both encoding sessions and also in the retrieval session. Encoding locations of two objects in the egocentric condition is represented in video [1](#MOESM1){ref-type="media"}.

In the *allocentric condition*, participants had to code and retrieve the locations of the objects only in relation to environmental landmarks. Therefore, in addition to the ground and background of the egocentric condition, the virtual environment of the allocentric condition contained several landmarks (Fig. [2](#Fig2){ref-type="fig"}, middle) that surrounded the area wherein the objects were presented. To make the encoding and retrieval experience of the allocentric condition comparable to those of the egocentric condition, participants had to walk to a 'transient' viewpoint before each encoding (or retrieval) trial (Fig. [2](#Fig2){ref-type="fig"}, middle). However, unlike the fixed viewpoint of the egocentric condition, the locations of the viewpoints in the allocentric condition *changed* between the trials. Importantly, to avoid consistent egocentric information regarding the location of an object, different viewpoints were used across the three encoding repetitions of each object-location association (Fig. [2](#Fig2){ref-type="fig"}, middle-bottom) and, particularly, between the retrieval trial and the encoding trials of each object. As in the encoding of the egocentric condition, participants had to walk to each object and to report the number of its colors. When participants reached the object, it disappeared, and a new viewpoint appeared. Once the participant had reached the next viewpoint, the next to-be-encoded object appeared in its defined location (Fig. [2](#Fig2){ref-type="fig"}, middle-bottom). Encoding locations of two objects in the allocentric condition is represented in video [2](#MOESM2){ref-type="media"}.

Finally, in the *combined condition*, both egocentric and allocentric cues were provided (Fig. [2](#Fig2){ref-type="fig"}, right). Specifically, participants could code and retrieve the locations of the objects both relative to their location and relative to environmental landmarks. Towards this goal, during all encoding and retrieval trials, we used the fixed viewpoint, as in the egocentric condition, together with the visual input of the allocentric condition (Fig. [2](#Fig2){ref-type="fig"}, right). Thus, participants could use both egocentric and allocentric cues to code and retrieve the locations of the objects. Encoding locations of two objects in the combined condition is represented in video [3](#MOESM3){ref-type="media"}.

### Statistical analyses {#Sec16}

The primary dependent variable in the study was the mean distance error, quantified by the mean Euclidean distance between the response and the correct location. Shorter distance errors indicate superior retrieval accuracy. A second dependent variable was 'spatial updating deficit,' which was defined by the mean distance to relocated objects divided by the mean distance to the control objects (d~upd~/d~con~). In addition, we calculated the 'relative proximity to the original location' (rProxOrig). If the distance to the updated location is dUpd and distance to the original location is dOrig (Fig. [2A](#Fig2){ref-type="fig"}), then the relative proximity (i.e., 1/distance) to the original location (rproxOrig) is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$rProxOrig\,=\frac{1\,/\,dOrig}{1\,/\,dUpd+1\,/\,dOrig}=\frac{dUpd}{dUpd+dOrig}$$\end{document}$^[@CR64]^. Thus, higher relative proximity to the original location (rProxOrig) reflects a stronger effect of the original locations on the retrieval of the updated ones. If the distance to the updated and the original location is equal, then rProxOrig = 0.5. If the distance to the original location is larger than the distance to the updated location (i.e., the responses fall closer to the updated loci), then 0 \< rProxOrig \< 0.5. Finally, if the distance to the original location is shorter than the distance to the updated location (i.e., the responses fall closer to the original loci), then 0.5 \< rProxOrig \< 1. Last, to control for age differences in walking speed, we added a covariate of mean encoding duration.

SPSS (IBM SPSS Statistics 21) was used for analyses of variances and covariance (ANCOVA) of multifactorial effects. Significant effects were followed by Bonferroni corrected post-hoc tests. Robust linear regressions were analyzed using the rlm function in R (version 3.0.2).

Experiment 2 {#Sec17}
------------

Thirteen young (mean age: 23.2 ± 1.1 years, six women) and nine older adults (mean age: 73.2 ± 1.1 years, five women) participated in experiment 2. The participants were paid €6.50 per hour and gave a written informed consent to the experimental protocol, which was approved by the ethics committee of the Otto-von-Guericke-University of Magdeburg, Germany. All methods were performed in accordance with the relevant guidelines and regulations. As in experiment 1, the participants performed the Montreal Cognitive Assessment (MoCA^[@CR61]^) and the divided-attention test of the test-battery of attentional performance (TAP^[@CR63]^) to screen for mild cognitive impairment and attentional deficits, respectively.

The task took place over two consecutive days and consisted of two sessions; an encoding session on day 1 and a retrieval session on day 2 (Fig. [5A](#Fig5){ref-type="fig"}). Thus, experiment 2 did not comprise an 'Encoding 2' session. The encoding session was identical to the 'Encoding 1' session of the egocentric condition of experiment 1, in which participants were presented with the ten object-location associations. Retrieval took place the next day, using the same retrieval procedure that was used in the egocentric condition of experiment 1. However, here participants were asked to indicate the locations of the ten objects, as presented on day 1 (Fig. [5A](#Fig5){ref-type="fig"}). Overnight retrieval performance was compared between young and older participants using a two-tailed t-test.
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